1. Introduction {#sec0005}
===============

Our daily lives are full of sensory input from different modalities and language provides us with the means to describe those rich experiences, with words for visual, auditory, olfactory and haptic experiences such as *flower* (visual), *thunder* (auditory), *stench* (olfactory), and *tickle* (haptic). Despite this rich and multimodal environment, research on how we acquire words for entities and events has mostly focused on labeling objects in the visual modality (e.g., [@bib0040]; [@bib0110]; [@bib0160]; [@bib0175]; [@bib0335]; [@bib0415]; [@bib0435]; [@bib0470], [@bib0465]; [@bib0490]). This imbalance may originate from the larger number of words for visible things in many languages. A recent study has found that adult speakers of English relate a higher number of nouns to the visual modality than to other modalities, but that the auditory modality has the second highest number of nouns allocated to it ([@bib0495]). Furthermore, it has also been recently discovered that the hierarchy of these perceptual modalities differs between languages indicating the necessity to investigate word learning mechanisms in modalities other than the visual modality ([@bib0245]). In order to explore whether and how words for non-visual objects can be acquired in infancy, we investigated 10- to 12-month-old infants' ability to map novel labels onto auditory objects.

To acquire the meaning of a word, a connection between an object and its respective label must be established. This happens over time and typically through repeated exposure to or experience with an object and its label. Within the scope of the current study, we define word learning as an associative process, during which the relationship between co-occurring objects and labels becomes stronger over time and with experience ([@bib0265]; [@bib0410]). Even if associative learning is a single mechanism, it has been shown to explain different phenomena in word learning, including for example the progression from slow to fast learning of word meanings (cf. [@bib0340]). Note, though, that alternative mechanisms have been suggested as well, for example inference-based learning, in which learners initially consider a plethora of possible concepts that can map onto a word, which eventually converge to a single hypothesis with growing experience (for a short review, see [@bib0410]). Within the scope of the current study, however, we propose that associative learning is sufficient for building a first link between an object and a word, particularly during online learning and short term retention without generalization (cf. [@bib0265]).

In an environment rich with complex and concurrent sensory input, associating a word with a specific object is a non-trivial task that infants start to approach from early on. Both behavioral (e.g., head turning and preferential looking) and electrophysiological studies have shown that infants are sensitive to word-form familiarization and capable of word learning in laboratory settings by means of frequent word-object co-occurrences (for a review, see [@bib0165]). In behavioral studies on word knowledge in the native language, evidence of a link between visual objects and their labels (that were both highly frequent in the infants' environment, such as *spoon* or *banana*) has already been observed at six months of age (e.g., [@bib0030]; [@bib0455], [@bib0460]). Laboratory learning experiments using behavioral measures also show first evidence of infant word learning around six months of age (e.g., [@bib0055]; [@bib0170]; [@bib0395]). In electrophysiological experiments, evidence for differences in processing the correct and incorrect use of real words for visual objects is not found before 14 months of age ([@bib0105]; [@bib0285]); however, electrophysiological evidence for on-line association-building between visual objects and pseudowords, has been reported starting from the age of three months ([@bib0120]). Given these differences in developmental timelines between studies, it seems that behavioral and electrophysiological methods might capture partially different aspects of word learning. While behavioral tests are sensitive in the assessment of already existing word knowledge, electrophysiological methods can additionally capture online learning processes in lab-based learning designs. Despite potential differences in sensitivity to capture specific processes across development, all studies do show that early word knowledge, or word-object association, is facilitated by highly frequent occurrences of the respective visual objects in everyday life.

As reviewed above, previous research on infant word learning has so far only focused on the visual modality, testing associative auditory-visual word learning, while uni-modal associative word learning in the auditory modality has not been captured. This dominance of the visual modality might be partly explained by research on early word learning focusing on objects' perceptual saliency in the infant's focus of attention ([@bib0065]; [@bib0155]; [@bib0380]; [@bib0420]). For example, Smith and colleagues provided evidence that the visual input from an egocentric view plays a major role for word learning ([@bib0425]; [@bib0500]). Yet, these studies leave aside the possibility that perceptual input from other modalities could serve as a salient input for word learning as well.

Auditory input might be a salient source of sensory information in infant word learning, as auditory sensitivity can be seen already in utero ([@bib0195]) and in neonates ([@bib0080]; [@bib0085]; [@bib0095]; [@bib0100]; [@bib0315]). Visual processing, on the other hand, requires several months after birth in order to reach the level of maturity of auditory processing ([@bib0005]). Further, infants and children have a general preference toward the auditory modality, also known as auditory dominance, that was found in 6- and 10-month-olds ([@bib0235], [@bib0240]). In the light of the early onset of auditory perception it is no surprise that infants are capable of applying statistical learning to auditory sequences early in life ([@bib0350]; [@bib0370]; [@bib0375]; [@bib0440]). Thus, research in young infants shows that auditory perception matures early, might be preferred over visual perception and can be exploited by associative (statistical) learning processes. Interestingly, further investigations have shown that the auditory preference is still present in later childhood at four years of age, yet ultimately disappears in adulthood, where adults exhibit a visual preference ([@bib0355]; [@bib0405]). In light of the advantageous status of the auditory modality in early infancy it is notable that the majority of electrophysiological research on early word learning has been conducted in cross-modal experiments (e.g., [@bib0050], [@bib0040],[@bib0045], [@bib0110], [@bib0115], [@bib0120]; [@bib0130]; [@bib0470], [@bib0475]). Thus, by exploring paradigms presenting objects in other than the visual modality, for example, audition, we can begin to understand how different types of perceptual information affect the building of object-word associations early in life, such as the meanings for auditory words like *lullaby*, *siren*, and *thunder*.

In order to test infants' associative word learning capabilities in the current study, we used the event-related potential (ERP) technique to determine changes in neural processing over time. Although there are many behavioral procedures that also test infants' associative learning (e.g., eye-tracking; [@bib0505] and preferential looking; [@bib0025]), we chose the ERP technique, as it can measure association and semantic learning processes independent of behavioral responses. The particular ERP component associated with the semantic expectation of a given word in a particular context is the N400, which is characterized by a more negative ERP response to a contextually violated condition than to a contextually expected control condition ([@bib0220]). Since its discovery, the N400 component has been found in many experiments on semantic priming, including language/word-learning in adults (e.g. [@bib0010]; [@bib0035]; [@bib0215]; [@bib0225]) and children (e.g., [@bib0050], [@bib0040], [@bib0045], [@bib0110], [@bib0115], [@bib0120]; [@bib0130]; [@bib0470], [@bib0475]). Note, that the N400 component does not only occur in the context of spoken and written words, but also for semantic processing difficulties in non-linguistic materials ([@bib0070]; [@bib0200]).

Although the N400 has been reported to reflect semantic priming, the functional interpretation of the component is still under discussion. The two main interpretations are first, spreading activation ([@bib0330]), an automatic process where activation is forwarded from a prime (e.g., object) to associated items (e.g., the target word); and second, semantic integration, a process of relating the prime to the target in order to form a combined meaning (for a review, see [@bib0215]). Although some findings report on the N400 only reflecting semantic integration ([@bib0015], [@bib0020]), other studies have suggested spreading activation as a likely mechanism ([@bib0145]; [@bib0185]; [@bib0230]). Hence, the presence of the N400 priming effect can be interpreted as evidence for both automatic and more controlled lexical-semantic processes. With respect to the spreading activation account, it is interesting to note that N400 effects are even reported for non-semantic associative learning ([@bib0310]; [@bib0345]; [@bib0430]).

Infants as young as 6- to 9-months-old have been shown, via ERPs, to have a sensitivity to visual object-word associations (e.g., [@bib0110], [@bib0115]; [@bib0175]; [@bib0320]). Several ERP components have been found which indicate, potentially at different representation levels, word-form familiarity effects or violated expectation effects in word learning studies: the N200-500 ([@bib0110]; [@bib0205]; [@bib0280]; [@bib0450]; [@bib0475]) and the N400-like component ([@bib0045]; [@bib0110]; [@bib0175]; [@bib0470], [@bib0465]), respectively. In infants, word-form familiarity effects occur for repeated stimulus presentation or already learned versus novel words and have been reported for both real words and pseudowords (e.g., [@bib0045]; [@bib0115], [@bib0120]; [@bib0175]; [@bib0205]; [@bib0250]; [@bib0305]; [@bib0475]). The effect is typically found around 200−500 ms (for a review, see [@bib0445]), but also from 400−1200 ms ([@bib0180]; [@bib0475]), after the onset of the word across fronto-central regions as measured by an increased negative amplitude for repetition over time or familiarity. The N400 has also been used as a measure for associative word learning in infant studies and reflects a violation of contextual expectation, with more negative amplitude waveforms for violated than matching conditions. As its timing and topography do not always correspond to the properties of the adult N400, we term it N400-like component in the context of infant studies (cf. [@bib0175]).

The present study aims to explore whether novel words can be associated with objects in the auditory modality in young infants. We used a uni-modal auditory associative-learning paradigm (cf. [@bib0110], [@bib0115], [@bib0120]). Based on the findings of [@bib0370], we presented auditory objects and pseudowords sequentially, as infants' statistical learning benefits from sequential stimulus presentation in the auditory modality. Particularly, we aimed to evaluate electrophysiological effects in 10- to 12-month-olds during a training phase, where pseudowords were consistently or inconsistently paired with auditory objects, and a subsequent testing phase, where the previously encountered pairings were either matched or violated. This age group was selected as 10- to 12-month-olds are expected to still have a strong auditory preference (cf. [@bib0355]; [@bib0405]) and thus experience environmental sounds as salient input. Specifically, we expect to see a *word-form familiarity effect* in the ERP, that is, an enhanced negativity for word-form repetitions irrespective of the consistency of the sound-word pairings in the training phase. Additionally, we expect ERP results to show a priming effect for the pseudowords in the training phase when comparing the first four presentations of the sound-word pairing to the final four presentations. Here, we predict a *pairing consistency effect*, such that the ERP amplitude to pseudowords of consistently paired stimuli will reduce over time, while the response to the inconsistent pairings remains more constant (cf. [@bib0115]). For the testing phase, we expect an *N400-like effect* for pseudowords in violated as compared to matching sound-word pairings, reflecting the violation of a lexical-semantic expectation. Furthermore, we will descriptively compare the ERP effects observed in our study with ERP effects reported in previous visual-auditory association paradigms (e.g., [@bib0040], [@bib0045]; [@bib0110], [@bib0115]; [@bib0320]).

2. Materials and methods {#sec0010}
========================

2.1. Participants {#sec0015}
-----------------

A group of 55 infants (32 boys, 23 girls) was tested between 10 and 12 months of age. The datasets of 32 infants were included in the final analysis (19 boys and 13 girls; mean age = 10 months, 24 days; *SD* = 17.4 days). Datasets of 18 infants were excluded due to fussiness and thus, having too many motion-related artifacts in the EEG. Four further datasets were excluded due to failure to complete the experiment, and one was excluded for non-compliance in wearing the EEG cap. All children were typically developing, carried to at least 37 weeks of gestation, were learning German as a native language, had normal hearing, and no reported neurological conditions or learning/language impairments. Families were contacted via the database of the Max Planck Institute for Human Cognitive and Brain Sciences (MPI-CBS) in Leipzig, Germany or the database of the Institute of Cognitive Science at the University of Osnabrück in Osnabrück, Germany. Written informed consent was given by the parents before their child's participation. The families were given a monetary travel reimbursement and the infants were given a gift for their participation, totaling to about 17 euro. The study was approved by the ethics committees of the Medical Faculty of the University of Leipzig and the University of Osnabrück.

2.2. Stimuli {#sec0020}
------------

The material presented during the experiment consisted of auditory material (see supplementary files for a complete list of all stimuli), combined in pairs of auditory objects and pseudoword labels. The auditory object stimuli consisted of 16 environmental sounds (e.g., boiling water, crackling fire, various animal sounds) and were taken from the NESSTI database for environmental sounds ([@bib0140]). The environmental sounds selected for the experiment were taken from larger audiofiles and cut to 950 ms. The labels consisted of 16 disyllabic pseudowords that are phonetically legal in German and derived from existing German nouns. The pseudowords were recorded with natural intonation by a female native speaker of German. The environmental sounds were 950 ms in length and pseudowords varied between 650--750 ms, but silence was added to the end of the word files to make each. WAV file 750 ms in length. All stimuli were saved as monaural sound files (duplicated over both channels), and digitized at 44,100 Hz.

2.3. Procedure {#sec0025}
--------------

The experiment was divided into two phases: an initial training phase, which was immediately followed by a subsequent testing phase. In the training phase, infants were presented sound-word combinations of the auditory stimuli. The combinations were divided equally into consistent pairings and inconsistent pairings, counter-balanced across children. The consistent pairings were comprised of eight sounds each consistently paired with one of eight pseudowords; in this condition, associative learning was possible. Each pair was presented eight times for a total of 64 trials. For the inconsistent pairings, the remaining eight sounds and pseudowords were distributed in a rotated manner so that each sound was presented with each word exactly once for a total of 64 trials; in this condition, associative learning was not possible. [Fig. 1](#fig0005){ref-type="fig"}A gives a visual representation of the sound-pseudoword distribution and presentation in the training phase. The testing phase consisted of two conditions: matching pairs and violated pairs. The matching condition corresponded to the consistent pairings of the training phase. Violations consisted of sounds and pseudowords from the consistent pairings, but rearranged in a manner as to not match the sound-pseudoword pairings of the training phase (see [Fig. 1](#fig0005){ref-type="fig"}B). Each condition in the testing phase consisted of eight items, presented twice, totaling in 16 trials per condition. Eight separate stimuli lists assured randomized stimulus presentations across participants by switching the consistent and inconsistent sound-pseudoword pairs, reshuffling the distribution of sound-pseudoword pairs, and backward presentation of all lists to account for presentation order. Each list was presented to four participants in the final analysis group.Fig. 1Experimental Design: (A) gives an example of how the pseudowords are distributed in the two conditions of the training session. (B) Example of the distribution of pseudowords in the testing phase. (C) The construction of all trials in the experiment, both for the training and testing phases.Fig. 1

The structure of all trials was identical. First, an environmental sound was presented for 950 ms followed by a pause of 600 ms. Subsequently, a pseudoword was presented. The time between trials was 1600 ms in order to acoustically indicate individual pairings (see [Fig. 1](#fig0005){ref-type="fig"}C). Total experiment time was 12 min and 20 s. During this time, the infants sat on their parent's lap facing a computer monitor with speakers on either side of the monitor. In order to raise infants' compliance, a silent cartoon was played on the screen on a smaller scale in order to keep eye movements minimal (for similar procedures, see [@bib0260], [@bib0255]). Additionally, a second experimenter sat near the child to be able to further entertain the child with either silent toys, bubbles, or a picture book if necessary.

2.4. EEG processing {#sec0030}
-------------------

EEG data were collected in two different locations: at the MPI-CBS, Leipzig and the University of Osnabrück. Both locations used the EEG amplifier REFA (Twente Medical Systems International, Oldenzaal, The Netherlands) and all participants were tested with the same elastic caps with 27 implemented Ag/AgCl electrodes (EASYCAP GmbH, Herrsching, Germany) at the standard 10--20 electrode positions Fp1/2, Fz, F3/4, F7/8, F9/10, FC5/6, Cz, C3/4, T7/8, CP5/6, TP9/10, Pz, P3/4, P7/8, O1/2 (ground electrode located at AFz). Electrode impedances were kept below 30 kΩ. For the infants tested at the MPI-CBS (*N* = 8), EEG data were continuously recorded using the QRefa Acquisition Software, Version 1.0 beta (MPI-CBS, Leipzig, Germany) with a sampling rate of 500 Hz, an online reference at Cz, and a monopolar electrooculogram (EOG) electrode under the right eye. For the infants tested at the University of Osnabrück (*N* = 24), the EEG data were recorded with the TMSi Polybench Software (Twente Medical Systems International, Oldenzaal, The Netherlands) at a sampling rate of 512 Hz, an average online reference, and a monopolar EOG electrode under the left eye.

All data analyses and statistics were conducted in MATLAB (The Mathworks Inc., Natick, MA, USA) and EEG data were processed using EEGLAB ([@bib0090]). All EEG epochs time-locked to the onset of the pseudowords were created with a length of 1200 ms and a baseline of 200 ms pre-stimulus. The EEG data were re-referenced to the linked mastoids (electrodes at sites TP9/10). After initial artifact rejection, using both automatic marking of min-max voltage changes of 100 μV and manual inspection, the epochized datasets of participants were individually, semi-automatically corrected for eye movements using an EEGLAB independent component analysis (ICA). For the ICA, a high-pass filter of 1 Hz (-3 dB, cutoff frequency of 1.38 Hz) was applied to the continuous EEG dataset of each participant. The ICA weights from the 1 Hz-filtered dataset were then applied to a copy of the dataset with a high-pass filter of 0.3 Hz (−3 dB, cutoff frequency of 0.36 Hz). After applying the ICA weights, artifact rejection for the 0.3 Hz filtered dataset was conducted using same semi-automatic process described above. All subsequent data analyses and statistics were conducted using the 0.3 Hz filtered dataset. Before creating the grand-average across all participants, a low-pass filter of 25 Hz (-3 dB, cutoff frequency of 27.35 Hz) was applied. The final dataset for consistently paired pseudowords in the first half of the training phase consisted of an average of 17.4 out of 32 trials (*SD* = 5.8 trials) and 16.5 out of 32 trials (*SD* = 5.5 trials) for the inconsistently paired pseudowords. For the second half of the training phase, the final dataset for the consistently paired pseudowords consisted of an average of 15.2 out of 32 trials (*SD* = 5.4 trials) and 14.5 out of 32 trials (*SD* = 5.4 trials) for the inconsistently paired pseudowords. For the testing phase, the final dataset for the matched pseudowords included an average of 6.8 out of 16 trials (*SD* = 2.9 trials) and 6 out of 16 trials (*SD* = 2.6 trials) for the violated pseudowords.

2.5. Statistical analysis {#sec0035}
-------------------------

For the statistical analysis, 15 electrodes were chosen and combined in Regions of Interest (ROIs) for laterality (left: F7, T7, P7; left medial: F3, C3, P3; medial: Fz, Cz, Pz; right medial: F4, C4, P4; right: F8, T8, P8) and region (anterior: F7, F3, Fz, F4, F8; central: T7, C3, Cz, C4, T8; posterior: P7, P3, Pz, P4, P8).

In order to test for the familiarization of the pseudowords (*word-form familiarity effect*) and object-word association over time (*pairing consistency effect*) during the training phase, a 5 × 3 × 2 × 2 repeated-measures ANOVA was calculated using the mean ERP amplitudes with the within-subject factors of laterality (left, mid-left, midline, mid-right, right), region (anterior, central, posterior), repetition (1st to 4th presentation vs. 5th to 8th presentation)[1](#fn0005){ref-type="fn"}, and consistency (consistent vs. inconsistent pairing).

In the test phase, analyses of ERP responses evoked by pseudowords in violated compared to matching sound-word pairs (*N400-like effect*) should reveal whether infants had successfully associated sounds and pseudowords during the training phase. This was captured in a 5 × 3 × 2 repeated-measures ANOVA using the mean ERP amplitudes with the within-subject factors of laterality (left, mid-left, midline, mid-right, right), region (anterior, central, posterior), and condition (matching pairs vs. violated pairs).

The time windows (TWs) of interest in both the training and testing phases were set at 100 ms intervals starting from the onset of the stimulus until the end of the epoch (1200 ms). As multiple individual repeated-measures ANOVAs were calculated for each phase, the significance levels of all *p*-values were corrected using the Bonferroni-correction method. A post-hoc step-down analysis was performed for all interactions involving either the factor repetition, consistency or condition where the *p*-value was *p* ≤ 0.1. For all ANOVAS, the Greenhouse-Geisser correction ([@bib0135]) was applied and corrected *p*-values and uncorrected degrees of freedom are presented.

3. Results {#sec0040}
==========

3.1. Training phase {#sec0045}
-------------------

The ERP data show evidence for a modulation of the ERP waveforms across both halves of the training phase: First, the pseudowords presented in the second half of the training phase elicited a more negative-going waveform over anterior and central sites compared to those presented in the first half (i.e., *word-form familiarity effect* that is independent of the pairing condition) (see [Fig. 2](#fig0010){ref-type="fig"}). Second, consistently combined pseudowords evoked a more negative-going waveform than inconsistently combined pseudowords in the second half of the training phase (i.e., *pairing consistency effect* that only arises later during the experiment) (see [Fig. 3](#fig0015){ref-type="fig"}). In the following, only significant or marginally significant effects will be reported.Fig. 2Word-form Familiarity: The ERPs time-locked to the onset of the pseudoword in the training phase (10 Hz low-pass filter applied for visualization only). Blue lines indicate the first-fourth presentations of all pseudowords and the red lines indicate the fifth-eighth presentation of all pseudowords. The scalp maps depict the spatial distribution of the difference in the ERP amplitude between the 1st through 4th presentations and the 5th through eighth presentations in the given time window.Fig. 2Fig. 3Pairing Consistency Effect: (A) ERPs time-locked to the onset of consistent and inconsistent pseudowords in the first half of the training phase; (B) ERPs time-locked to the onset of consistent and inconsistent pseudowords in the second half of the training phase (10 Hz low-pass filter applied for visualization only). Blue lines indicate the consistent pairings and the red lines indicate the inconsistent pairings. The scalp maps depict the spatial distribution of the difference in the ERP amplitude between consistent and inconsistent words in the given time window.Fig. 3

The 5 × 3 × 2 × 2 repeated-measures ANOVAs revealed a significant main effect for repetition, i.e. a *word-form familiarity effect*, in the 600−700 ms TW (*F*(1.00,31.00) = 14.029, *p* = 0.001). Significant interactions were found between repetition and region spanning from 400 to 700 ms after the onset of the pseudoword, giving evidence to effects of *word-form familiarity* with an anterior-central distribution. See [Table 1](#tbl0005){ref-type="table"} for the significant repetition by region interaction and step-down analyses.Table 1Step-Down Analysis of Word-form Familiarity Effect: Statistic analysis of ANOVA for significant regions and step-down analysis for word-form familiarity effect in the training phase.Table 1Time Window (in ms)Repetition x Region (ANOVA)Step-Down Analysis of Repetition (*t*-test)400−500*F*(1.33,41.31) = 7.149, *p* = 0.006°anterior: *T*(31) = 2.7722, *p* = 0.0093\*central: *T*(31) = 3.0811, *p* = 0.0043\*500−600*F*(1.47,45.55) = 7.385, *p* = 0.004\*anterior: *T*(31) = 3.4689, *p* = 0.0016\*\*central: *T*(31) = 3.3613, *p* = 0.0021\*\*600−700*F*(1.48,45.76) = 8.740, *p* = 0.002\*anterior:*T*(31) = 3.9156, *p* = 0.0005\*\*central: *T*(31) = 2.9335, *p* = 0.0063\*[^1]

Further, a *pairing consistency effect*, by means of a marginally significant interaction between laterality, region, repetition, and consistency, was found in the 500−600 ms TW after the onset of the pseudoword (*F*(5.70,176.79) = 3.058, *p* =  0.008). Step-down analyses revealed for the first half of the training phase, a significant consistency effect right temporally (T8: *T*(31) = −2.2981, *p* =  0.0285), and for the second half, significant consistency effects left central-laterally (T7: *T*(31) = −2.1443, *p* =  0.04; C3: *T*(31) = −3.1293, *p* =  0.0038; Cz: *T*(31) = −2.4715, *p* =  0.0192; Pz: *T*(31) = −2.1349, *p* =  0.0408).

3.2. Testing phase {#sec0050}
------------------

The ERP data in the testing phase revealed a lateralized increased negativity in the violation versus matching conditions with an *N400-like effect* (see [Fig. 4](#fig0020){ref-type="fig"}). For the TW 300−400 ms after the onset of the word, a condition by laterality interaction was observed *F*(3.12,96.69) = 5.710, *p* =  0.001. In step-down analyses, condition effects were found to be left-lateralized (left: *T*(31) = 2.079, *p* = 0.046; medial left: *T*(31) = 2.361, *p* =  0.025; and on the midline: *T*(31) = 2.982, *p* = 0.0055).Fig. 4Matching vs Violation: The ERPs time-locked to the onset of the pseudoword in the testing phase (10 Hz low-pass filter applied for visualization only). Blue lines indicate the matching object-word pairs and the red lines indicate the violated object-word pairs. The scalp maps depict the spatial distribution of the difference in the ERP amplitude between matching and violated words in the given time window.Fig. 4

4. Discussion {#sec0055}
=============

The aim of the present study was to test whether 10- to 12-month-old infants are capable of mapping novel labels onto auditory objects in the absence of object-related concurrent visual input. We found ERP evidence for both familiarization of word-forms across the training phase as well as for the learning of sound-label associations in the training phase. Importantly, in the subsequent testing phase, infants showed recognition of sound-label violations of the previously established associations.

More specifically, in the training phase, we observed two ERP effects: First, the *word-form familiarity effect* that occurred at fronto-central regions spanning from 400−700 ms after the onset of the pseudoword. This ERP effect displayed as more negative-going responses in the second half of the training phase than in the first half. Second, we observed a *pairing consistency effect* at the right-temporal region in the 500−600 ms TW with more negative-going responses to consistently paired pseudowords than to inconsistently paired pseudowords. Here, we hypothesized that the inconsistently paired pseudowords would be more negative than the consistently paired pseudowords; however, we found the opposite. Interestingly, this pairing consistency effect already occurred during the first half of the experiment, yet had a broader, left centro-temporal distribution in the second half. This suggests that infants seem to be capable of associating sound-pseudoword pairs even within only four presentations and that this association then might become stronger over time.

In the testing phase, we observed an effect of violated expectation, that is the ERPs were more negative-going for pseudowords in violated than matched sound-pseudoword pairs. This effect occurred left-lateralized in the 300−400 ms TW. We interpret this effect as an *N400-like effect*; the more negative responses to violated pairs suggest an association has been formed for the consistent sound-word pairs in the training phase, which then was unexpectedly not met. Thus, infants are not only able to form associations for sound-pseudoword pairs, but are also able to recognize violations to established pairs in a subsequent test phase.

As hypothesized for the training phase, we found an effect of pseudoword repetition that occurs irrespective of the consistency of the paired sound and thus indicates that the pseudowords have been familiarized over time. This *word-form familiarity effect* evolved in the second half of the training phase at 400−700 ms after pseudoword onset. We argue that this effect is a replication of the familiarity effect found in cross-modal paradigms, although this previous effect has been typically reported for the 200−500 ms TW (e.g., [@bib0115]; [@bib0205]; [@bib0475]). One plausible factor that could contribute to the later occurrence of the *word-form familiarity effect* in our study is the extra processing due to the presentation of both speech and non-speech acoustic stimuli. Junge, Cutler, and Hagoort (2014) reported similar delayed word-form familiarity effects for 10-month-old infants, at 350−500 ms and 600−900 ms in a word-segmentation experiment, suggesting that the processing of novel words in sentence contexts is more difficult than the mapping of know words to existing memory traces. Similarly, [@bib0305] conducted a cross-modal word-learning study with 6-month-olds which revealed a larger negativity for pseudowords after training in the 450−850 ms TW. Thus, the timing of the word-form familiarity effect seems to depend on context and stimulus type. We argue that it could be delayed in the current study due to processing costs attributed to the discrimination of linguistic (label) versus non-linguistic (sound) acoustic stimuli.

In addition, we also observed the postulated *pairing consistency effect* in the second half of the training phase, similarly to infant studies, in which visual objects were paired with spoken words. In contrast to our study, however, these cross-modal studies revealed N400-like effects, with amplitude reductions for consistent versus inconsistent object-word pairs (e.g., [@bib0045]; [@bib0110]), indicating that semantic or at least cross-modal associations are formed after repeated presentations of identical pairs. Interestingly, a *pairing consistency effect* with a reversed polarity, comparable to our study, was only shown in the youngest of the tested age groups, for associative cross-modal learning at 3 months ([@bib0120]). In their study, the authors found an increased negativity in the second half of the training phase for consistently versus inconsistently paired pseudowords (with visual objects) at the left centro-parietal site from 500−1000 ms after the onset of the pseudoword. While such negativities are different from the typically reported semantic priming N400-like effects, we take this *pairing consistency effect* to show that infants gradually associate consistently paired pseudowords with the related sounds across experimental time.

The interpretation of the *pairing consistency effect* as an indication of successful associative learning is supported by studies showing enhanced N400 effects in response to successful word segmentation and acquisition of meaning over time. In adults, successful segmentation of pseudowords presented in a continuous syllable stream has been found to be accompanied with an N400 ([@bib0075]; [@bib0385]). Moreover, non-words that resemble real words (i.e., pseudowords) elicit a larger N400 compared to non-words that are not similar to existing words ([@bib0060]; [@bib0150]; [@bib0365]). During adults' word learning from sentence contexts, N400 responses increased for pseudowords that were presented in a congruent sentence context over time (i.e. a context, that allowed to infer the same meaning across several trials) to match the responses to known real words ([@bib0270]). However, the N400 responses to pseudowords presented in an inconsistent sentence context did not increase across trials ([@bib0270]). Together, these effects can be interpreted somewhat opposing to the typical interpretation of the N400, as indicating lexical-semantic integration difficulties or lexical-semantic possibilities. Thus, by recognizing and classifying a phoneme sequence from a pseudoword as a potential real-word, lexical processes are triggered; however, in the case of unsegmented, illegal or infrequent phoneme sequences, lexical processes are not initiated. In concord with these studies, we interpret the *pairing consistency effect* in our study as indicating an emerging sound-word association in the consistent pairings over time, which are amiss in the case of inconsistent pairings. We argue that this *pairing consistency effect* is a reflection of a learning mechanism which does not necessarily result in the creation of referential relationships between objects and their labels, but clearly indicates associative connections between perceptual representations of objects and pseudowords (c.f. [@bib0120]; [@bib0295]).

For the testing phase of the current study, we observed the hypothesized *N400-like effect*, such that violated sound-pseudoword pairs evoked significantly more negative responses than matching pairs in the 300−400 ms TW. This is consistent with results of cross-modal object-word mapping studies reporting similar findings for matching versus violated visual object-label combinations (e.g., [@bib0045]; [@bib0110]; [@bib0175]; [@bib0470], [@bib0465]). However, there are differences in the temporal aspects and the topographical distribution of the current *N400-like effect* compared to previous evidence.

Temporally, we observed a left-lateralized *N400-like effect* in an early TW, but only for a short time interval, namely from 300−400 ms. This contrasts previously reported infant N400-like effects, which were longer-lasting, spanning over several 100 ms, and were often found delayed in infants compared to adults (e.g., [@bib0175]). Yet, infant N400 effects have been generally reported for various time windows, with an onset as early as 300 ms ([@bib0125]) and even spanning to 1200 ms ([@bib0470]). One factor explaining differences in the onset latency of N400-like effects might be age, such that the component occurs earlier with increasing age (for a brief discussion, see [@bib0125]). Given the young age of our tested infant population, however, age might not be the driving factor of the observed early *N400-like effect*. Instead, the exclusive use of the auditory modality in our uni-modal study might explain the early occurrence of the effect, given a documented auditory dominance in infancy (see, [@bib0235], [@bib0240]). Specifically, [@bib0360] reported that 10-month-olds when presented with multi-modal stimuli pairs took longer to reach the habituation criterion than infants presented with auditory only stimuli even when visual stimuli were pre-familiarized. As our objects and pseudowords were both presented auditorily, we speculate that the earlier *N400-like effect* could be an indication of faster uni-modal processing. Alternatively, the earlier onset of the *N400-like effect* may be a result of the sequential presentation of the stimuli, such that infants may have been primed to recognize matched pseudowords faster than if the stimuli were presented closer together or in an overlapping manner. Furthermore, the early N400-like effect could also be explained by predictive coding. The N400 has been shown to be influenced by predictability especially in earlier time windows (e.g., [@bib0300]). Other experimental designs that allow for the assessment of anticipatory activity in uni- and cross-modal learning paradigms could shed light on this explanation in future experiments.

The topological distribution of our observed *N400-like effect* showed a left-hemispheric dominance. N400 effects have typically been reported to occur over bilateral centro-parietal electrode sites ([@bib0220]; for a review, see [@bib0210]). Yet, the left-lateralized distribution in the current study is similar to the N400 distribution reported in an adult study which contrasted environmental sounds that were preceded by related or unrelated words ([@bib0480]). Additionally, an fMRI study conducted by [@bib0190] reported that words with sound-features (e.g., telephone) elicited higher activation in the left temporal cortex than words without sound-related features. Based on these findings, it is plausible that the topological distribution of the *N400-like effect* found in the current study is influenced by the characteristics of the preceding auditory stimuli, changing the distribution of the *N400-like effect* from a centro-parietal to left-lateralized electrode sites.

Despite differences in temporal and spatial characteristics of the *N400-like effect* in the current study as compared to previous studies, we interpret this ERP effect as evidence of successful association learning during the training phase. An objection to this interpretation might be that infants treat the sound-pseudoword pairs as holistic sound-objects and not as associations between two different auditory stimuli, namely sounds and auditory objects. Studies that have shown that young infants treat object labels in a similar way as other perceptual features of objects (e.g., [@bib0400]) suggest that sounds and words could be processed similarly. Yet, while it is possible that sounds and words were processed similarly it is unlikely that they were not discriminated, as it has been shown that even newborns and very young infants discriminate speech from analogous non-speech input (cf. [@bib0290]; [@bib0325]).

In summary, in the current study we were able to show that infants are capable of mapping novel labels onto auditory objects in a short time frame with an association-learning paradigm. The replacement of visual objects with auditory objects should not be seen as just a small variation of input. Though it is already known that infants have a preference for the auditory modality ([@bib0235], [@bib0240]) and apply statistical learning to auditory stimuli in sequential presentation ([@bib0370]; [@bib0375]), it has been unknown whether the auditory modality can serve as an input base for word learning in a similar way as the visual modality. The results of our study provide evidence for the effects of uni-modal associative word learning and reveal the modality of the object in object-label pairs as a modulating factor of the N400-like violated expectation effect. This ability is important for linguistic development, as it has been pointed out that the perceptual modality hierarchies are not universal across languages ([@bib0245]). In the English language, for example, the auditory modality has been shown to have the second highest number of nouns allocated to it ([@bib0495]). Depending on the given language and depending on the input words, auditory semantic features may be important parts of early semantic representations of words and thus important aspects to be learned (cf. [@bib0400]; [@bib0480], for respective findings in adults). The present study indicates that infants may be able to integrate sound-related words into their mental lexicon early on, even in the absence of any additional visual input, providing evidence for modality-specific representations. Infants might thus be capable of learning the meaning for words like *lullaby*, *siren*, and *thunder* in a similar way to *banana* and *spoon*. Further studies that vary the modality of the object as a modulating factor, while leaving all the other parameters identical, could help to provide additional evidence for modality-specific representations in word learning. Another interesting direction for future research would be the question whether infants are able to build referential links between sounds and words, as, for example, indicated by ERP effects in the testing phase even if sounds and words are presented in the reversed order.

5. Conclusion {#sec0060}
=============

In the current study, we were able to show that infants are capable of mapping labels onto auditory objects in a similar way as they do with visual objects. The learning mechanisms triggered in the present study do not necessarily include referential processes, but are best described by domain-general associative learning processes (cf. [@bib0410]). The differences between the ERP patterns observed in the present auditory object-pseudoword association study and in previous cross-modal studies need to be investigated in further studies that allow for a direct comparison between different modalities as well as between differences in stimuli presentation, i.e., sequential and simultaneous. Non-visual features are clearly part of (embodied) lexical-semantic representations in adult language processing ([@bib0190]; [@bib0275]; [@bib0390]; [@bib0485]). The current study shows how those non-visual features can be acquired and contribute to word learning already before infants' first birthday.
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The repeated-measures ANOVA compares the first half of the training phase with the second half of the training phase and thus provides a proof of principle test for the effect of repetition. With a more fine-grained repetition factor, the number of trials included per factor level would be too few, resulting in very low signal-to-noise ratio.

Supplementary material related to this article can be found, in the online version, at doi:<https://doi.org/10.1016/j.dcn.2020.100821>.

[^1]: °*p* \< 0.1, \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.
